Introduction {#sec1}
============

Neural crest (NC) cells form a migratory cell population that is unique to vertebrates and contributes to a large number of different organ systems. Various human syndromes or congenital diseases have been linked to defects in NC development and subsumed under the term neurocrestopathies ([@ref1]). These conditions can be caused by defects at any step of NC development including specification, migration and differentiation. For example, CHARGE syndrome, a sporadic, autosomal dominant malformation disorder that encompasses symptoms like coloboma, heart defects, atresia of the choanae, retarded growth and development, genital hypoplasia, ear anomalies and deafness ([@ref2]), has been linked to defects in NC development ([@ref3]). Through molecular and functional analyses of *CHD7*, the gene mutated in CHARGE patients, it was shown in *Xenopus* that all major CHARGE symptoms can be attributed to defects in NC development ([@ref4]). Kabuki syndrome (OMIM 147920), another developmental disorder characterized by the combination of a typical facial gestalt, short stature, intellectual disability, skeletal findings, dermatoglyphic anomalies and variable additional features ([@ref7],[@ref8]), shows a striking phenotypic overlap to CHARGE syndrome. Especially in young children, the clinical distinction between CHARGE and Kabuki syndrome can be challenging, because a multitude of organ malformations might fit to the spectrum of both syndromes, and the characteristic facial gestalt of Kabuki syndrome is often not fully evident in newborn patients. Recently, we and others found further evidence supporting the link between CHARGE and Kabuki syndrome ([@ref9]) suggesting that Kabuki syndrome---like CHARGE syndrome---might belong to the group of neurocrestopathies.

The major genetic cause of Kabuki syndrome are heterozygous mutations in the *KMT2D* gene ([@ref13]). In humans, *KMT2D* maps to chromosome 12q13.12 and consists of 54 coding exons (MIM 602113), encoding a 600 kDa large protein (human: 5262 amino acids). KMT2D is a chromatin modifier expressed widely during embryonic development ([@ref14]), and homozygous knockout in mouse embryos causes lethality at embryonic day 9.5 ([@ref15]). KMT2D belongs to the SET1 family of histone methyltransferases, which are responsible for transferring up to three methyl groups from a cofactor (AdoMet) to lysine 4 on histone H3 ([@ref16],[@ref17]). SET1 family enzymes exert their function through the catalytic SET domain ([@ref18],[@ref19]). H3K4 methylation occurs at enhancers and promoters as well as in gene bodies and has been associated with active transcription ([@ref20]). Differential methylation states of H3K4 are related to particular cellular functions ([@ref17]). Several studies in different model systems, including *Drosophila*, MEFs, MESCs and human cells, find evidence that KMT2D primarily functions as a monomethyltransferase at enhancers, acting as a coactivator of genes crucial for embryonic development and differentiation ([@ref15],[@ref18],[@ref24]). Recent findings also suggest that KMT2D can facilitate p300 H3K27 acetylation activity as well as Pol II binding to enhancers, further promoting a fully active enhancer environment to boost the transcription of target genes ([@ref26],[@ref28]).

The pathomechanism of Kabuki syndrome as well as the impact of various cellular signaling pathways are still largely undiscovered. Consistent with the heterogeneous clinical symptoms of Kabuki syndrome, a range of KMT2D target genes and related pathways---including *HOX* genes as well as members of the MAPK, Notch, canonical Wnt and retinoic acid signaling pathways---have been identified, pointing to a role of KMT2D in multiple signaling events during embryonic development ([@ref16],[@ref27],[@ref29]). Some of the most characteristic Kabuki syndrome features have been analyzed in mouse and zebrafish models, providing evidence that KMT2D is crucial for the formation of craniofacial structures ([@ref34],[@ref35]), heart development ([@ref35]) and brain formation ([@ref34],[@ref35]). Moreover, KMT2D knockout mice displayed a shorter body axis as well as defects in adipocyte and myocyte differentiation ([@ref15],[@ref34]). Previously, we have shown that *Xenopus* Kmt2d is required for the formation and differentiation of cardiac tissue, which is reminiscent of the congenital heart defects frequently observed in Kabuki patients ([@ref37]). However, the effect of KMT2D loss-of-function on NC cell development has not been investigated in more detail.

In this study, we used loss-of-function approaches to analyze the role of Kmt2d during *Xenopus* NC development. Our results demonstrate that major clinical symptoms of Kabuki syndrome can be recapitulated using the *Xenopus* model system. Furthermore, we provide evidence that Kmt2d is required for NC formation and migration, supporting the hypothesis that Kabuki syndrome belongs to the neurocrestopathies.

Results {#sec2}
=======

Kabuki-like craniofacial malformations can be reproduced in *Xenopus laevis* embryos {#sec3}
------------------------------------------------------------------------------------

To investigate a potential NC contribution to the Kabuki syndrome phenotype, we asked if we can recapitulate the craniofacial malformations, typically observed in patients, in KMT2D-deprived embryos. Therefore, *Xenopus* embryos were injected with an antisense Kmt2d morpholino oligonucleotide (Kmt2d MO) in one blastomere at the two-cell stage and phenotypically analyzed for craniofacial defects at tadpole stages. Indeed, knockdown of Kmt2d caused a severe reduction of craniofacial structures---characterized by frontal protrusion, reduced facial width or microcephaly---on the injected side ([Fig. 1A and B](#f1){ref-type="fig"}). In addition, eye formation was impaired in the majority of morphant embryos, as indicated by smaller or absent eyes ([Fig. 1A](#f1){ref-type="fig"}). In contrast, embryos injected with a five base-pair mismatch MO (mmMO) did not display significant defects. Alcian Blue staining of the cranial cartilage supports this observation. Kmt2d loss-of-function led to a marked reduction of the mandibular, hyoid and branchial cartilage, while injection of the mmMO did not affect cartilage formation ([Fig. 1C](#f1){ref-type="fig"}). To confirm the specificity of the observed craniofacial defects, we used a splice-blocking MO in addition to the translation-blocking MO. The splice MO targets the Kmt2d-SET domain and efficiently blocks splicing of the *kmt2d* RNA (we have previously demonstrated this in [@ref37]). In this study, *Xenopus* embryos injected with the splice MO exhibited the same craniofacial phenotype as embryos treated with the translation-blocking MO ([Fig. 1A and B](#f1){ref-type="fig"}), providing evidence for a specific effect of the Kmt2d loss-of-function on *Xenopus* craniofacial development. Taken together with our previous observation that Kmt2d loss-of-function causes cardiac defects ([@ref37]), these results demonstrate that major Kabuki syndrome symptoms can be reproduced in *Xenopus*.

![Kmt2d loss-of-function causes craniofacial malformations. (**A**) Phenotypic analysis of craniofacial defects at stage 42. Embryos were injected with 2.5--5 ng of mmMO or Kmt2d MO or 5 ng control (Co) MO or splice MO into one blastomere at the two-cell stage. 150 pg *lacZ* mRNA was co-injected as a lineage tracer. The injected side of the embryo is marked (asterisk). Both the Kmt2d MO and the splice MO cause severe craniofacial malformations (arrows), compared to mmMO- and Co MO-treated controls. Scale bars = 500 μm. (**B**) Graph summarizing the results from at least four independent experiments; ±SEM and the number of analyzed embryos are given for each condition. A two-tailed unpaired Student's *t*-test was applied. (**C**) Cartilage staining. Schematic representation of the cranial cartilage structures of a *Xenopus laevis* embryo (upper left panel). Embryos were injected with 2.5 ng mmMO or Kmt2d MO in combination with 50 pg *mGFP* mRNA as a lineage tracer into one blastomere at the two-cell stage, and the cranial cartilage was visualized by Alcian Blue staining at stage 44. Kmt2d knockdown leads to reduced cranial cartilage (arrowhead) on the injected side (asterisk). Scale bar = 500 μm.](ddz284f1){#f1}

Kmt2d is expressed in NC cells and required for their migration {#sec4}
---------------------------------------------------------------

As Kmt2d loss-of-function leads to severe craniofacial defects, we further dissected its function in NC development. Previously we have shown that *kmt2d* RNA is already present in the anterior neural plate at early neurula stages and continues to be expressed in pre- and migratory NC cells ([@ref37]). Here we also analyzed the temporal expression pattern by RT-PCR and detected high levels of maternal RNA with a slight decrease in expression during gastrulation and a peak of *kmt2d* expression at late neurula stages ([Supplementary Material, Fig. S1A](#sup1){ref-type="supplementary-material"}). Using transverse sections through the head region of a stage 29 embryo subjected to *kmt2d* whole mount *in situ* hybridization, we further confirmed *kmt2d* expression in the eyes, the branchial arches, the developing brain as well as in the otic placode and ear vesicles ([Supplementary Material, Fig. S1B--D](#sup1){ref-type="supplementary-material"}). Collectively, these data confirm the expression of *kmt2d* in the NC throughout pre-migratory as well as migratory stages, indicating a role for Kmt2d during several steps of NC development.

Based on our hypothesis that loss-of-function of Kmt2d affects NC development, we investigated whether Kmt2d is required for normal NC migration. Embryos were injected with Kmt2d MOs and NC migration was analyzed by whole mount *in situ* hybridization against the NC marker *twist*. Injection of the translation-blocking as well as the splice-blocking MO led to a significant inhibition of NC migration in *Xenopus* embryos ([Fig. 2A and B](#f2){ref-type="fig"} and [Supplementary Material, Fig. S2A and B](#sup1){ref-type="supplementary-material"}). We also observed a dose-dependent effect on the NC phenotype. While the NC cells primarily exhibited a reduced migration distance in embryos injected with 2.5 ng Kmt2d MO, we additionally noticed a reduction of *twist*-positive cells upon injection of 5 ng Kmt2d MO ([Fig. 2A](#f2){ref-type="fig"}). The specificity of the Kmt2d knockdown NC phenotype was further confirmed through co-injection of the Kmt2d MO and mRNA of a human KMT2D fragment, containing several interaction domains as well as the catalytic SET domain ([Fig. 2C--E](#f2){ref-type="fig"}). Overexpression of the human KMT2D fragment (SET) led to a partial rescue of the NC migration defects caused by the Kmt2d MO ([Fig. 2D and E](#f2){ref-type="fig"}). In addition, the binding specificity of the Kmt2d MO was verified by Western Blot analysis of an HA-tagged Kmt2d fragment comprising the 5′UTR, translation start site and complete MO binding site ([Fig. 2F and G](#f2){ref-type="fig"}). Injection of the Kmt2d MO inhibited the expression of the construct, while its expression was unaffected by the 5 base pair mismatch MO. Taken together, these data provide evidence that Kmt2d is required for *in vivo* NC migration.

![Kmt2d is required for cranial NC cell migration. (**A**) Embryos were injected with 2.5 or 5 ng mmMO or Kmt2d MO and 100 pg *lacZ* mRNA into one blastomere at the two-cell stage. At stage 27 NC migration was analyzed by *twist* whole mount *in situ* hybridization. Kmt2d loss-of-function leads to an inhibition of NC migration (arrows), compared to mismatch controls. The injected side of the embryo is marked (asterisk). Scale bar = 500 μm. (**B**) Graph summarizing the data from three independent experiments; ±SEM and the number of analyzed embryos are indicated for each condition. A two-tailed unpaired Student's *t*-test was applied. (**C--E**) Rescue experiments. (C) Schematic view of motifs and functional domains of the human KMT2D-SET construct used for rescue experiments. (D) Embryos were injected into one blastomere at the two-cell stage with 3 ng mmMO or Kmt2d MO in combination with 400--500 pg *mGFP* or *KMT2D-SET* mRNA and 100 pg *lacZ* as a lineage tracer. NC migration was analyzed by *twist in situ* hybridization at stage 25. Overexpression of the human *KMT2D-SET* construct partially restores NC migration in Kmt2d morphants, compared to embryos injected with Kmt2d MO and *mGFP* mRNA (arrows). The injected side of the embryos is marked (asterisk). Error bar = 500 μm. (E) Graph summarizing the percentage of embryos with *twist* defects from six independent experiments; ±SEM and number of analyzed embryos are given for each condition. A two-tailed unpaired Student's *t*-test was applied. (**F**) Schematic view of the *Xenopus laevis Kmt2d-ATG-HA* mRNA which contains the Kmt2d MO binding site. (**G**) To analyze the binding efficiency of the Kmt2d MO, embryos were injected at the one-cell stage with 1 ng of *Xenopus Kmt2d-ATG-HA* mRNA either alone or in combination with 2.5--5 ng mmMO or the translation-blocking Kmt2d MO. Protein extracts were prepared at stage 20, and the expression of Kmt2d-ATG-HA was assessed by Western Blot analysis. Injection of 2.5 and 5 ng Kmt2d MO led to a depletion of the Kmt2d-ATG-HA protein, while the expression was unaffected upon co-injection of 5 ng mmMO. GAPDH expression was used as a loading control.](ddz284f2){#f2}

NC cells require Kmt2d for cell dispersion but not for cell protrusion formation {#sec5}
--------------------------------------------------------------------------------

As the loss-of-function data suggest a critical role for Kmt2d during NC migration, we analyzed if Kmt2d has a cell-autonomous function in NC cells. Therefore, we performed transplantation assays and grafted GFP-labeled pre-migratory NC tissue from mmMO- or Kmt2d MO-injected embryos into wild-type donor embryos, whose NC cells had been removed. At tailbud stages, the migration behavior of the morphant NC cells was phenotypically evaluated. Indeed, migration of the Kmt2d-depleted NC cells was significantly inhibited, while the majority of mmMO-injected transplants showed normal migration ([Fig. 3A--C](#f3){ref-type="fig"}), suggesting that Kmt2d function is cell-autonomously required in NC cells.

![Kmt2d is required for cell dispersion in explanted NC cells. (**A** and **B**) Transplantation assay. Embryos were injected with 2.5 ng mmMO or Kmt2d MO in combination with 50 pg *mGFP* mRNA into one blastomere at the two-cell stage. Fluorescently labeled NC cells from injected embryos were transplanted into a wild-type host embryo, and their migration behavior was analyzed at stage 27. Scale bar = 500 μm. (A) While transplanted mismatch control NC cells migrate normally, (B) the migration of Kmt2d-depleted NC cells was inhibited. (**C**) Graph summarizing three independent experiments with ±SEM and the number of analyzed embryos given for each condition. A two-tailed unpaired Student's *t*-test was applied. (**D--G**) Explant assay. (D and E) Embryos were injected with 2.5 ng mmMO or Kmt2d MO in combination with 50 pg *mGFP* and 250 pg *H2B-mCherry* mRNA to label the cell membrane and the nucleus, respectively. NC cells were explanted, cultured on fibronectin, and their migration behavior was imaged for 8 h. Cell dispersion was assessed using ImageJ. Scale bar = 50 μm. (D) mmMO NC explants show normal cell dispersion after 5 h of cultivation, while (E) Kmt2d MO-treated cells display inhibited dispersion. (F and G) Embryos were injected with 2.5 ng mmMO or Kmt2d MO in combination with 50 pg *mGFP* and 300 pg *lifeact-RFP* mRNA to label the cell membrane and f-actin, respectively. Higher magnification of explanted NC cells reveals normal protrusion formation (arrowheads) in both (F) mmMO- and (G) Kmt2d MO-treated NC cells. Scale bar = 10 μm. (**H**) Dispersion of mmMO- and Kmt2d MO-injected NC explants defined as the mean triangle size per explant (μm^2^) calculated by Delaunay triangulation after 5 h of cultivation in three independent experiments. Box plots show median and 25th to 75th percentiles, and Whiskers display min to max values. Mann-Whitney U test was applied (*n* = 33 mmMO explants and *n* = 28 Kmt2d MO explants analyzed). (**I**) Analysis of circularity showed no difference in cell shape between mmMO- and Kmt2d MO-treated NC cells (complete circle = 1). Box plots show median and 25th to 75th percentiles. Whiskers display min to max values. Mann-Whitney U test was applied (*n* = 53 cells analyzed from 16 mmMO NC explants; *n* = 105 cells analyzed from 27 Kmt2d MO NC explants; data from three independent experiments).](ddz284f3){#f3}

To further dissect Kmt2d function on a cellular level, we analyzed NC migration *in vitro*. *Xenopus* embryos were injected with 2.5 ng Kmt2d MO in combination with *mGFP* and *H2B-mCherry* mRNA to mark the membrane and nucleus, respectively. NC cells were explanted at stage 17 followed by cultivation on a fibronectin matrix for 8 h. Live-cell imaging of Kmt2d-deprived NC cells revealed impaired cell dispersion. After 5 h the area of dispersion, determined by Delaunay triangulation followed by calculation of the mean triangle size, was strongly reduced in Kmt2d morphant explants compared to mmMO-injected controls ([Fig. 3D, E and H](#f3){ref-type="fig"} and [Supplementary Material, Movies S1 and S2](#sup3){ref-type="supplementary-material"}). Interestingly, like control cells, Kmt2d-depleted NC cells were able to form cell protrusions. However, they were not able to leave the explant or seemed to die rapidly upon detaching from the cell cluster, as inferred from their round cell shape. To examine the cell shape and the actin cytoskeleton in further detail, we used expression of lifeact-RFP ([Fig. 3F and G](#f3){ref-type="fig"}). In line with the formation of morphologically normal protrusions, the actin cytoskeleton of NC cells was not affected by Kmt2d loss-of-function ([Fig. 3G](#f3){ref-type="fig"}) compared to mismatch controls ([Fig. 3F](#f3){ref-type="fig"}). Analysis of the cell shape also showed no change in the circularity of NC cells upon Kmt2d knockdown ([Fig. 3I](#f3){ref-type="fig"}). In addition, manual tracking of single cells indicated that there is no change in the velocity and persistence of migrating NC cells upon Kmt2d knockdown ([Supplementary Material, Fig. S3](#sup1){ref-type="supplementary-material"} and [Movies S3 and S4](#sup3){ref-type="supplementary-material"}). These results strongly suggest that Kmt2d morphant NC cells are generally motile, and the migration defect is likely caused by disturbed dispersion rather than cell motility.

Loss of Kmt2d causes defects in neural plate border establishment and NC specification {#sec6}
--------------------------------------------------------------------------------------

To characterize the role of Kmt2d in NC development, we also analyzed its function at earlier stages of NC development. First, we analyzed the effect of Kmt2d loss-of-function on the expression of the NC specification markers *foxd3*, *slug/snai2* and *twist* at stage 17--18. Marker analysis via whole mount *in situ* hybridization revealed a dose-dependent reduction of *foxd3*, *slug/snai2* and *twist* expression at pre-migratory stages ([Fig. 4B--D and F--H](#f4){ref-type="fig"}), which could be reproduced using the splice-blocking MO ([Supplementary Material, Figs S2D, F and S4](#sup1){ref-type="supplementary-material"}). Notably, injection of 5 ng translation-blocking Kmt2d MO led to a severe depletion of NC specifiers and an increase in apoptotic cells ([Supplementary Material, Fig. S6](#sup1){ref-type="supplementary-material"}), while 2.5 ng Kmt2d MO had only minor effects on marker gene expression. These observations indicate that Kmt2d may also have earlier functions in NC development. Thus, we analyzed if the neural plate border (NPB), which corresponds to the territory between the neural plate and the epidermis and defines the prospective NC ([@ref38]), is correctly induced. Expression of the NPB marker genes *pax3* and *zic1* was analyzed via whole mount *in situ* hybridization and revealed a dose-dependent impairment of NPB patterning in Kmt2d MO-injected embryos. Injection of 5 ng translation-blocking Kmt2d MO led to a significant expansion of *pax3* and *zic1* expression ([Fig. 4A](#f4){ref-type="fig"} and [Supplementary Material, Fig. S5](#sup1){ref-type="supplementary-material"}), which could also be reproduced using the splice-blocking MO ([Supplementary Material, Fig. S2C and E](#sup1){ref-type="supplementary-material"}). Notably, the majority of embryos injected with 2.5 ng MO showed normal NPB patterning, suggesting a dose-dependent effect. Transversal sectioning of embryos stained for *zic1* confirmed that the NPB territory is broader in Kmt2d morphants compared to mismatch control animals ([Supplementary Material, Fig. S5E and F](#sup1){ref-type="supplementary-material"}). The broadening of NPB marker expression was accompanied by a reduced *epidermal keratin* signal in the dorsal most part of the epidermis ([Fig. 5A--E](#f5){ref-type="fig"}) and an expansion of *sox2* positive cells in the neural plate ([Fig. 5F--J](#f5){ref-type="fig"}), further indicating an early defect in ectodermal patterning at high MO dosage. In summary, these data support a role for Kmt2d not only during NC migration but also in the establishment of the NPB as well as NC specification.

![Kmt2d knockdown affects NPB formation and NC specification in a dose-dependent manner. (**A--D**) Embryos were injected with 2.5 or 5 ng mmMO or Kmt2d MO into one blastomere at the two-cell stage. 100 pg *lacZ* mRNA were used for lineage tracing. At neurula stages, the expression of several NC marker genes was analyzed by whole mount *in situ* hybridization. Injection of 5 ng Kmt2d MO leads to (A) a broader *pax3* expression in the NPB region and (B) a severe reduction of *foxd3*, (C) *slug/snai2* and (D) *twist* expression in the pre-migratory NC. (**E--H**) Graphs summarizing the results from three independent experiments for each NC marker gene analyzed in (A--D). Kmt2d loss-of-function affects the expression of (E) *pax3*, (F) *foxd3*, (G) *slug/snai2* and (H) *twist* in a dose-dependent manner; ±SEM and the number of analyzed embryos are indicated for each condition. A two-tailed unpaired Student's *t*-test was applied.](ddz284f4){#f4}

![Kmt2d loss-of-function leads to an expansion of the neural plate as indicated by altered *epidermal keratin* and *sox2* expression. Two-cell stage embryos were injected with 2.5 or 5 ng of mismatch (mm) MO or Kmt2d MO in combination with 100 pg *lacZ* mRNA as a lineage tracer. The injected side of the embryo is marked (asterisk). Scale bars = 500 μm. (**A--D**) *In situ* hybridization for the non-neural ectoderm marker *epidermal keratin* (*epk*) was performed at stage 14. (A) Uninjected control embryos and (B) mmMO treated controls show normal *epk* expression in the epidermal ectoderm. (C) While 2.5 ng Kmt2d MO has no effect in the majority of embryos, (D) 5 ng Kmt2d MO leads to a dorsolaterally reduced *epk* expression. (**E**) The graph summarizes the mean percentage of embryos with *epk* expression defect from two independent experiments. The total number of analyzed embryos is indicated for each condition. (**F--I**) *In situ* hybridization for the neural plate marker *sox2* was performed at stage 19. (F) Uninjected control embryos and (G) mmMO treated controls show normal *sox2* expression in the neural plate. (H) While 2.5 ng Kmt2d MO has no effect in the majority of embryos, (I) 5 ng Kmt2d MO leads to an expansion of the *sox2*-positive territory. (**J**) Data from four independent experiments. Graph summarizes the mean percentage of embryos with *sox2* expression defect. The total number of analyzed embryos and ±SEM are indicated for each condition. A two-tailed unpaired Student's *t*-test was applied.](ddz284f5){#f5}

Kmt2d loss-of-function correlates with a decrease in H3K4me1 and H3K27ac {#sec7}
------------------------------------------------------------------------

As a SET1 family histone methyltransferase (HMT), the primary function of KMT2D is to catalyze the transfer of up to three methyl groups to lysine 4 on histone H3 (H3K4). Thus, we investigated if Kmt2d loss-of-function may affect H3K4 methylation levels in *Xenopus* embryos. To analyze the effect on the H3K4 methylation status, embryos were injected with mmMO or the translation-blocking Kmt2d MO, and protein extracts were prepared at stage 20. We performed Western Blot analysis using an antibody against the H3K4me1 mark and detected a significant decrease in bulk H3K4me1 levels in Kmt2d MO-injected embryos, compared to controls ([Fig. 6A and B](#f6){ref-type="fig"}). In contrast, the bulk H3K4me3 level was not significantly affected (data not shown), suggesting that in *Xenopus* Kmt2d functions primarily as a monomethyltransferase. As H3K4 monomethylation in combination with H3K27 acetylation is associated with active enhancers, we further analyzed if H3K27 acetylation is also affected by Kmt2d loss-of-function. Western Blot analysis using an antibody against H3K27ac revealed a decrease in the H3K27ac level upon injection of the Kmt2d MO ([Fig. 6C and D](#f6){ref-type="fig"}). Taken together, our results link the Kmt2d knockdown-mediated NC defects to the regulation of epigenetic marks associated with transcriptional activation and confirm a role for Kmt2d in the establishment of active enhancer marks.

![Loss of Kmt2d leads to reduced H3K4me1 and H3K27ac levels in *Xenopus* embryos. One-cell stage *Xenopus* embryos were injected with 5 ng mmMO or Kmt2d MO or 7.5 ng control MO or splice MO in combination with 50 pg *mGFP* mRNA as a lineage tracer. Protein extracts were prepared at neurula stage 20. (**A** and **B**) Western Blot analysis of the H3K4me1 mark reveals a reduction of the H3K4me1 level in Kmt2d MO treated embryos compared to controls. Graph summarizes three independent experiments and ±SEM is indicated. A two-tailed unpaired Student's *t*-test was applied. (**C** and **D**) H3K27ac Western Blot analysis shows that injection of the Kmt2d MO leads to a decrease in the H3K27ac level, compared to mismatch controls. Graph summarizes the results from four independent experiments and ±SEM is indicated; *P*-value = 0.0519 in a two-tailed unpaired Student's *t*-test.](ddz284f6){#f6}

Sema3F expression is affected by Kmt2d loss-of-function {#sec8}
-------------------------------------------------------

In search of genes regulated by Kmt2d, we used a candidate approach. Class 3 semaphorins have been shown to play a role in the pathogenesis of CHARGE syndrome ([@ref9],[@ref39],[@ref40]), a disease with phenotypic and molecular links to Kabuki syndrome ([@ref41]). Furthermore, Sema3F was recently identified as an UTX/KDM6A target gene, a histone H3 lysine 27 demethylase that is mutated in a small percentage of Kabuki syndrome patients ([@ref42]). In *Xenopus* Sema3F is expressed in the branchial arches and required for NC migration ([@ref43],[@ref44]). Thus, we tested if the expression of Sema3F is affected by Kmt2d loss-of-function. To this end we injected mmMO or Kmt2d MO at the two-cell stage and performed *in situ* hybridization for *sema3f*. Indeed, we observed that Kmt2d loss-of-function inhibited Sema3F expression on the injected side, while it was unaffected in mismatch control embryos ([Fig. 7A and B](#f7){ref-type="fig"}). To analyze if Semaphorin overexpression is able to rescue the Kmt2d morphant phenotype, two-cell stage embryos were co-injected with either mmMO or Kmt2d MO in combination with *Sema3F* mRNA or *mGFP* mRNA as a negative control. NC migration was analyzed by *in situ* hybridization for the NC marker *twist*. Interestingly, we observed that Sema3F overexpression partially rescued the Kmt2d loss-of-function NC migration defects ([Fig. 7C and D](#f7){ref-type="fig"}) indicating that Sema3F is likely a Kmt2d target gene.

![Kmt2d loss-of-function inhibits Sema3F expression and ectopic Sema3F can partially substitute for Kmt2d. (**A**) Sema3F expression is reduced in Kmt2d morphants. Embryos were co-injected with 5 ng mmMO or Kmt2d MO and *lacZ* mRNA as a lineage tracer. *In situ* hybridization for *sema3f* confirms that Kmt2d knockdown inhibits Sema3F expression in *Xenopus* embryos (arrow). (**B**) Graph summarizing the data from three independent experiments. Total number of analyzed embryos and ±SEM are indicated for each condition. A two-tailed unpaired Student's *t*-test was applied. (**C**) Two-cell stage embryos were co-injected with 2.5--3 ng Kmt2d MO and 250 pg *sema3F* mRNA or *mGFP* mRNA and subjected to *twist in situ* hybridization. Overexpression of Sema3F results in a partial rescue of NC migration in Kmt2d-depleted embryos. (**D**) Graph summarizing the data from six independent experiments. Total number of analyzed embryos and ±SEM are indicated for each condition. A Fisher's exact test was applied.](ddz284f7){#f7}

Discussion {#sec9}
==========

The developmental mechanisms leading to the distinct features of Kabuki syndrome are largely unknown, although the complex clinical symptoms as well as the KMT2D mutational landscape in patients have been well described ([@ref45]). Therefore, functional studies addressing the role of KMT2D during embryonic development are required to shed light on the complexity of the Kabuki syndrome pathogenesis. Here we used the *Xenopus* system to analyze the effect of Kmt2d knockdown on NC development. Our findings confirm that Kabuki syndrome shows central features of a neurocrestopathy, since multiple steps of NC development, including the development of NC derivatives such as the cranial cartilage, are severely disrupted upon Kmt2d knockdown.

Although non-NC tissues likely also contribute to the etiology of Kabuki symptoms, we suggest that the most defining features are caused by defects in NC development. This is further supported by a recent study addressing the function of UTX/KDM6A, an H3K27 demethylase that removes repressive chromatin modifications and is mutated in a low percentage of Kabuki syndrome patients ([@ref46],[@ref51]). Shpargel *et al*. showed that the majority of clinical features can be modeled in mice carrying a NC-specific deletion of UTX/KDM6A. They demonstrate that KDM6A plays a role in cranial NC viability at post-migratory stages and is required for the formation of craniofacial structures ([@ref42]). Here we show that Kmt2d loss-of-function affects both NC specification and migration in a dose-dependent manner. Low doses of the Kmt2d MO affect later processes like NC migration and cartilage differentiation, while high doses inhibit NPB patterning. Likely the low doses are a better representation of the heterozygous and sometimes also mosaic *KMT2D* mutations ([@ref54]) found in Kabuki syndrome patients.

Using transplantation as well as explantation techniques, we demonstrate that Kmt2d has NC-specific functions. Interestingly, although *in vivo* as well as *in vitro* NC migration is severely inhibited by Kmt2d loss-of-function, morphant NC cells are able to form cell protrusions. Thus, the migration defects are likely caused by an inhibition of cell dispersion. Since we find no evidence for an impaired cell motility, the underlying cause for this phenotype may be an altered cell adhesion profile in Kmt2d knockdown NC cells. Consistent with this, it was shown in HeLa cells that a KMT2D-containing complex regulates genes involved in cell adhesion and cytoskeletal organization. Furthermore, loss-of-function was accompanied by changes in the spreading behavior of cells ([@ref16]) supporting our findings in *Xenopus* NC cells.

The direct or indirect involvement of chromatin effectors like KMT2D in the regulation of diverse signaling pathways makes it a major challenge to dissect the pathomechanism underlying the Kabuki syndrome phenotype. In line with a number of recent reports ([@ref25],[@ref27]), our *Xenopus* data indicate that Kmt2d primarily acts as a H3K4 monomethyltransferase *in vivo*. The combination of the histone modifications H3K4me1 and H3K27ac represents a characteristic enhancer signature ([@ref23],[@ref55],[@ref56]). Interestingly, the Kmt2d knockdown phenotype in *Xenopus* embryos was correlated with a decrease in the H3K4me1 level as well as a reduction of the H3K27ac mark. The concomitant effect of Kmt2d knockdown on both of these histone modifications is consistent with other recent reports stating that KMT2D and its homologue KMT2C cooperatively activate enhancers together with the H3K27 acetyltransferase p300 ([@ref15],[@ref26],[@ref57],[@ref58]). Moreover, a crucial role for KMT2D in the activation of developmental enhancers during cellular differentiation has been reported in various cell types ([@ref15],[@ref28],[@ref59],[@ref60]). Taken together, these data suggest that the KMT2D loss-of-function phenotype may be caused by an altered epigenetic regulation at distal regulatory elements of genes required for NC development ([Fig. 8](#f8){ref-type="fig"}).

![Working model of how KMT2D may function to activate NC-specific enhancers. KMT2D deposits H3K4me1 marks at genomic targets. p300 interaction is mediated via the KMT2D/KDM6A complex, finally leading to H3K27 acetylation and a fully active enhancer state.](ddz284f8){#f8}

Recently, a growing body of evidence indicates the importance of chromatin-regulating factors for NC development (reviewed in [@ref61]). During NC formation, a certain level of histone deacetylase (HDAC) activity is required in order to retain pluripotency characteristics, which is a prerequisite for the acquisition of a NC cell fate. Accordingly, HDAC1/2 have been shown to repress the expression of lineage-specifying genes by maintaining low levels of H3K9ac and H3K27ac at promoters and enhancers, respectively ([@ref62]). On the other hand, NC-related enhancers have to be specifically activated via the deposition of H3K4me1 and H3K27ac marks in order to promote the expression of NC specification and migration genes ([@ref55]). For the chromatin remodeling factor CHD7, the gene mutated in most CHARGE patients, Bajpai and colleagues demonstrated an important role in the direct binding and activation of *slug/snai2*, *sox9* and *twist* enhancers or other regulatory elements ([@ref4]). Furthermore, the NC specifier and transcription factor Slug/Snai2 interacts with the Sin3A/HDAC complex, thereby mediating the repression of E-cadherin and facilitating epithelial-to-mesenchymal transition ([@ref63],[@ref64]). At later stages, HDAC8 activity was required to promote the differentiation of NC cells into craniofacial cartilage and bone ([@ref65]). Collectively, these studies demonstrate that epigenetic regulation is involved at all steps of NC development, which is in line with our findings that Kmt2d is crucial for the formation and proper migration of NC cells *in vivo*.

Previously, a number of reports demonstrated a phenotypic and molecular link between Kabuki and CHARGE syndrome ([@ref9],[@ref41],[@ref66]), which represents another neurocrestopathy ([@ref67]). Indeed, our data shows that the craniofacial dysmorphism observed in Kmt2d morphants is highly reminiscent of the *Xenopus* CHARGE phenotype observed in embryos injected with Chd7 MO ([@ref4],[@ref39]). Previously, we showed that Sema3A is regulated by CHD7 and overexpression of Sema3A in *Xenopus* embryos partially rescued the Chd7 loss-of-function phenotype ([@ref39]). In analogy to these findings, we demonstrate here that Kmt2d regulates Sema3F expression and Sema3F overexpression partially rescues Kmt2d loss-of-function. Thus, CHD7 and KMT2D positively regulate the expression of members of the class 3 semaphorins, Sema3A and Sema3F, which both are required for the directional migration of *Xenopus* cranial NC cells ([@ref43]). These data support the hypothesis that the phenotypic overlap of CHARGE and Kabuki syndrome is based on a common molecular link.

Taken together, our data provides new evidence that Kabuki syndrome belongs to the class of neurocrestopathies. This should highlight the importance of future studies focusing on the mechanism of action of KMT2D in NC cells.

Materials and Methods {#sec10}
=====================

*Xenopus* microinjection {#sec11}
------------------------

Staging of *Xenopus* embryos was performed following the normal table by Nieuwkoop and Faber ([@ref68]). All procedures were performed according to the German animal use and care law (Tierschutzgesetz) and approved by the German state administration Hesse (Regierungspräsidium Giessen).

Female adult frogs were injected with 500 units of hCG (Ovogest, MSD animal health) on the day before egg laying. Embryos were obtained by *in vitro* fertilization and cultivated in 0.1× MBS. All microinjections were performed into one blastomere at the two-cell stage except for one-cell stage injection of embryos used for Western Blot analysis. Two previously described MOs against *Xenopus kmt2d* were used in this study, one translation-blocking MO targeting the 5′UTR of the *kmt2d* transcript (5′-GCCTTTTGTTCATCCATTCCTGTTC-3′) and a splice-blocking MO (5′-TATCGCCAAACATACCTCCTCTCCT-3′) resulting in aberrant splicing of the precursor mRNA of *kmt2d* ([@ref37]). A 5 bp mismatch MO (5′-GaCTTTTcTTCATaCATTaCTcTTC-3′) served as a control for the translation-blocking Kmt2d MO, and a standard control MO (5′-CCTCTTACCTCAGTTACAATTTATA-3′) was used as a control for the splice-blocking MO. All MOs were obtained from Gene Tools (Philomath, USA). Concentrations of 2.5--5 ng of the translation-blocking Kmt2d MO or mismatch MO and 5--7.5 ng of the splice-blocking or control MO were injected, as indicated in the figure legends. *lacZ* mRNA was co-injected as a lineage tracer in experiments requiring phenotypic analysis of craniofacial defects or *in situ* hybridization. These embryos were fixed in MEMFA and subjected to XGal staining, followed by re-fixation overnight. For Alcian Blue staining of embryos, NC explantation, Western Blot analysis and TUNEL assays, 50 pg *mGFP* mRNA was used as a lineage tracer, and the embryos were processed as described below. Capped sense mRNA of the following constructs was synthesized using the mMESSAGE mMACHINE™ SP6 or T7 Transcription Kit (Invitrogen): mGFP ([@ref69]), H2B-mCherry ([@ref70]), Lifeact-RFP ([@ref71]), Semaphorin 3F ([@ref44]), hKMT2D-SET (this study) and Kmt2d-ATG-HA (this study). The Kmt2d-ATG-HA construct used to test for morpholino binding was amplified from *Xenopus laevis* cDNA using the following primers (5′ → 3′): fw_CAGGGAATTCGGACGGGAGGATCACAGATT and rv_GCCTCTCGAGTGCTGACCAAGATGCACACC. The fragment was digested with EcoRI and XhoI and ligated into the digested pCS2 + -HA vector using T4 DNA ligase (Thermo Fisher Scientific), followed by transformation of competent *E. coli* cells. The human KMT2D-SET rescue construct consists of 2067 bp of the *KMT2D* 3′ coding region containing a PHD finger domain, the FYRN and FYRC regions, the WDR5-interacting (Win) motif as well as the catalytic SET domain and post-SET domain. The construct was cloned into the pcDNA3.1 vector.

Whole mount *in situ* hybridization and Alcian Blue cartilage staining {#sec12}
----------------------------------------------------------------------

Whole mount *in situ* hybridization of *Xenopus* embryos was performed as previously described ([@ref72]). To visualize *kmt2d* expression in the head region of *Xenopus* tailbud stage embryos, wild-type albino embryos were analyzed by whole mount *in situ* hybridization using a previously described construct ([@ref37]). Subsequently, 50 μm sections were prepared using a Leica VT1000S vibratome and mounted in Mowiol.

For cartilage staining *Xenopus* embryos were cultivated until stage 42--44 and fixed in Dent's fixative for 1 h. They were rinsed in EtOH/acetic acid (80:20) and transferred into the Alcian Blue staining solution containing 0.05% Alcian Blue in EtOH/acetic acid (80:20) for 12--24 h at RT. *Xenopus* tadpoles were then cleared in EtOH/acetic acid (80:20) for 24 h to remove background staining. Afterwards, the embryos were rehydrated in 1× PTw containing 1% KOH (w/v) and bleached in 1% KOH/3% (v/v) H~2~O~2~/1× PTw solution. After rinsing in 1% KOH/1× PTw, the embryos were transferred into glycerol/1× PTw (1:1) and immediately used for dissection and documentation of the cartilage, using a Leica M165 FC stereomicroscope.

RT-PCR of *Xenopus* Kmt2d {#sec13}
-------------------------

For time course analysis of the Kmt2d expression level throughout embryonic development, total RNA was isolated from wild-type *Xenopus* embryos of different stages. Therefore, embryos were frozen in liquid nitrogen and lysed using a 30G syringe. RNA isolation was performed with the illustra RNAspin Mini RNA Isolation Kit (GE Healthcare) according to the manufacturer's protocol, including DNase I treatment. cDNA was synthesized with the RevertAid Reverse Transcriptase (Thermo Fisher Scientific). cDNA of embryos from three different batches was pooled for each stage condition, and PCRs were conducted with 28 cycles using the DreamTaq DNA Polymerase (Thermo Fisher Scientific). The following primer sequences were used to amplify a 287 bp Kmt2d fragment starting 7 bp downstream of the TSS: KMT2D_fw 5′CAAAAGGCATCCAGCGAGGA3′ and KMT2D_rv 5′GTTTCTTGCACCTGAATGGGGC3′. Amplification of histone H4 served as a control (H4_fw 5′CGGGATAACATTCAGGGTATCACT3′, H4_rv 5′ATCCATGGCGGTAACTGTCTTCCT3′). PCR products were loaded on an agarose gel and documented via the Odyssey® FC Imaging System (LI-COR Biosciences).

NC explants, transplants, and live-cell imaging {#sec14}
-----------------------------------------------

To analyze the migration behavior of NC cells by live-cell imaging, embryos were injected with 50 pg *mGFP* and 250 pg *H2B-mCherry* or 300 pg *lifeact-RFP* mRNA in combination with 2.5 ng mmMO or Kmt2d MO into one blastomere at the two-cell stage. *Xenopus* NC explants were dissected at stage 17 and cultivated on fibronectin (1:100 in sterile 1× PBS, Sigma-Aldrich) in 0.8× MBS. The NC cells were left to migrate for 4--5 h at room temperature for the detailed analysis of protrusion formation (63× oil objective). The circularity of NC cells was measured by manually selecting border cells in ImageJ. To document the migration behavior of NC cells in overview movies, they were cultivated overnight at 18°C (10× objective). The dispersion of NC cells was analyzed by Delaunay triangulation using the dispersion tool in ImageJ (plugin kindly provided by Roberto Mayor). Therefore, the nuclei of living NC cells were marked at the starting point of migration and after 5 h of cultivation. Dispersion was quantified by calculating the mean triangle size between individual nuclei of NC cells for each explant after 5 h of cultivation ([@ref73]). To measure the velocity of migrating single cells, NC cells were explanted in 0.8× MBS at neurula stage 17. Explants were immediately transferred into calcium-free 0.8× MBS and incubated for 2 min to dissociate the cells and obtain small clusters. After dissociation, NC cells were transferred into a fibronectin-coated chamber and cultivated at room temperature in 0.8× MBS. Migration of individual NC cells was documented for 45 min by live-cell imaging (25× oil objective), and single cells were tracked using the manual tracking plugin in ImageJ, followed by calculation of cell velocity and persistence (directionality) via the chemotaxis tool plugin (ImageJ). All live-cell imaging was performed using spinning disk confocal microscopy (Axio Observer Z1, Zeiss).

For NC transplantation, *Xenopus* embryos were injected with 2.5 ng Kmt2d MO or 5 bp mmMO in combination with *mGFP* mRNA in one blastomere at the two-cell stage. At stage 17 the fluorescently labeled premigratory NC cells of MO-injected embryos were transplanted into a wild-type host embryo as previously described ([@ref74]). The migration behavior of transplanted NC cells was documented and assessed at stage 25 using a Leica M165 FC stereomicroscope.

Preparation of protein extracts and Western Blot {#sec15}
------------------------------------------------

Protein extracts of 20 stage 20 embryos per condition were prepared in Co-IP buffer (50 m[m]{.smallcaps} Tris pH 7.5, 150 m[m]{.smallcaps} NaCl, 0.5% (v/v) NP-40) containing 1× Complete Protease Inhibitor (Roche). The respective volume of Laemmli loading buffer was added and the samples were incubated at 95°C for 3 min to promote denaturation. Protein extracts were loaded onto a discontinuous 15% SDS-PAGE gel, followed by semidry blotting (Trans-Blot® Turbo™ Transfer System, Bio-Rad) onto a nitrocellulose membrane and blocking in 5% milk/TBST for 1 h at RT. The following antibodies were used for detection: anti-actin (1:5000, Millipore MAB1501), anti-GAPDH (1:4000, Thermo Fisher Scientific \#AM4300), anti-H3K4me1 (1:1000, Abcam ab8895), anti-H3K4me3 (1:1000, Cell Signaling Technology \#9751), anti-H3K27ac (1:750, Abcam ab4729), anti-HA (1:1000, BioLegend 901 503), anti-mouse-HRP (1:4000, Santa Cruz sc-516 102) and anti-rabbit-HRP (1:2000, Cell Signaling Technology \#7074). Chemiluminescence was detected and analyzed using the SuperSignal™ West Dura Extended Duration Substrate (Thermo Fisher Scientific) and the LI-COR FC Odyssey® Imaging System.

TUNEL assay {#sec16}
-----------

To detect and label apoptotic cells, terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) was performed on neurula embryos. *Xenopus* embryos were co-injected with 5 ng Kmt2d or 5 bp mismatch MO and *mGFP* RNA as a lineage tracer in one blastomere at the two-cell stage. Stage 18--20 embryos were fixed for 3 h in MEMFA and bleached in 4% H~2~O~2~ solution, followed by storage in 100% MeOH overnight. The embryos were rehydrated, washed in 1× PTw and incubated in 1× TdT buffer (in 1× PBS) for 1.5 h before treatment with the terminal deoxynucleotidyl transferase (Invitrogen, 1:100 in 1× TdT buffer/1× PBS) together with Dig-11-UTP (1:500, Roche) for 2 days at RT. To stop the reaction, the samples were incubated in 1 m[m]{.smallcaps} EDTA/1× PBS for 2 h at 65°C, followed by several washing steps in 1× PTw. After blocking in 2% blocking reagent (Roche) and 20% horse serum (life technologies) in 1× MAB for at least 60 min, the antibody reaction (anti-digoxigenin 1:5000 in blocking solution, Roche) was performed for 4 h at RT. NBT/BCIP (Roche) was diluted in alkaline phosphatase buffer and used for the staining reaction. Embryos were considered to have an apoptotic phenotype if the number of TUNEL-positive cells was at least three times higher on the injected side compared to the uninjected half.

Statistical analysis {#sec17}
--------------------

The number of biological replicates (*N*) and the total number of analyzed embryos, explants or cells (*n*) are indicated for each experiment and condition, respectively. The *P*-values were calculated by applying either a two-tailed unpaired Student's *t*-test (^\*^*P* ≤ 0.05, ^\*\*^*P* ≤ 0.01, ^\*\*\*^*P* ≤ 0.001), a Fisher's exact test or a Mann-Whitney U test as indicated in the figure legends. Standard errors of the mean (±SEM) are given in the graphs.
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